Numerical modelling of in-plane indenter loading on 2D cellular solids by Nammi, Sathish et al.
University of Bolton
UBIR: University of Bolton Institutional Repository
Research and Innovation Conference 2009 University of Bolton Conferences
2009
Numerical modelling of in-plane indenter loading
on 2D cellular solids.
Sathish Nammi
University of Bolton, nammi_sk@hotmail.com
Peter Myler
University of Bolton, P.Myler@bolton.ac.uk
Gerard Edwards
University of Bolton, G.Edwards@bolton.ac.uk
This Conference Paper is brought to you for free and open access by the University of Bolton Conferences at UBIR: University of Bolton Institutional
Repository. It has been accepted for inclusion in Research and Innovation Conference 2009 by an authorized administrator of UBIR: University of
Bolton Institutional Repository. For more information, please contact ubir@bolton.ac.uk.
Digital Commons Citation
Nammi, Sathish; Myler, Peter; and Edwards, Gerard. "Numerical modelling of in-plane indenter loading on 2D cellular solids.."
(2009). Research and Innovation Conference 2009. Paper 2.
http://digitalcommons.bolton.ac.uk/ri_2009/2
Numerical modelling of in-plane indenter loading on 2D cellular solids 
S.K.Nammi*, P.Myler1, G.Edwards2 
 
*Corresponding author (E-mail: skn1ead@bolton.ac.uk); 
1Professor, Head of Research and Enterprise; 2Senior Lecturer; 
School of Built Environment and Engineering, University of Bolton, UK 
 
 
 
Abstract 
The compressive characteristics of 2D 
hexagonal honeycomb structures were studied 
under high strain using the finite element (FE) 
method. The stiffness for the FE model was 
compared and validated with analytical models 
in the literature. Under large-strain the effect 
of varying rib thickness of the honeycomb was 
investigated. Additionally, when the 
honeycomb was crushed with an indenter, the 
mechanical response was examined. 
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Nomenclature 
 
 
Al  Aluminium 
FE  Finite element 
fσ  Reaction force per tributary area 
t  Rib (cell-wall) thickness 
h  Height of vertical rib 
l  Length of diagonal rib 
∗E  Modulus of honeycomb 
SE  Modulus of intrinsic material 
trA  Tributary area of honeycomb  
ε  Global strain 
b  Rib (cell-wall) depth 
ν  Poisson’s ratio 
θ  Angle of the diagonal rib with  
               respect to global x-axis 
W          Indenter Width 
δ           Deformation 
 
 
1. Introduction 
Honeycomb grids exist naturally; a bee’s wax 
is a classic example while Graphene, which 
has the potential to revolutionise the 
electronics industry is a contemporary 
example[1]. Man has utilized this structural 
feature to develop energy absorbing 
engineering materials such as sandwich panels 
which are made of aluminium honeycomb core 
[2], [3]. In crashworthiness Al-honeycomb 
materials are mainly used as a protective 
material for impact energy absorption [4], [5]. 
An image of aluminium honeycomb is shown 
in Figure 1.  
 
 
Figure 1: Aluminium honeycomb 
The majority of literature on 
honeycombs is focussed on static performance 
studies [6], [7], [8], where the mechanical 
properties such as elastic constants and 
Poisson’s ratios are calculated. However, 
large-strain crush studies and indentation 
loading investigations on honeycombs are 
limited. 
Originally, analytical models for the 
in-plane stiffness of a two-dimensional generic 
honeycomb were presented by Gibson et al [6]. 
This work developed analytical relations to 
unit-cells with identical thickness vertical and 
diagonal ribs (see Figure 2). The theoretical 
formulation for relative stiffness in global x-
direction is given by: 
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The present simulation model uses SE = 68.9 
GPa, 1=lh  and o30=θ . 
 
 
 
Figure 2: Unit-cell of honeycomb [6] 
 
In previous crush simulation studies 
[9], [10] the thickness of vertical ribs were 
taken as twice that of the diagonal ribs and the 
honeycomb structure was loaded along its top 
surface during crush simulations.  
In the present study, honeycomb 
structure is loaded along global x-direction 
(see Figure 3). An identical thickness is given 
to both vertical and diagonal ribs.  
2. Finite element models and methods 
We constructed honeycombs made of an array 
of 15 ×15 cells. The ribs (cell walls) were 
modelled with square cross-section beam 
elements.  Table 1 presents the geometrical 
details of the FE model.  
 
Hexagonal Honeycomb  
Parameters mm 
Diagonal rib Length  5.5  
Vertical rib Length 5.5  
Rib thickness and depth 0.145  
 
 
Table 1: Geometric properties of honeycomb [9] 
 
 
The commercial finite element code 
ABAQUS [11] has been used for the 
numerical analysis. Honeycomb models were 
compressed by placing them in-between fixed 
rigid-plate (Base) and movable rigid-punch 
(see Figure 3).  
 
 
 
Figure 3: Loading arrangement on Honeycomb 
 
The ribs of honeycomb were 
discretized with beam elements (B22 type, 3-
node quadratic beams), whereas the punch and 
base were modelled as rigid surfaces. Three 
sets of simulations were conducted. First, a 
static analysis in which the stiffness of the 
computed finite element model result was 
compared with the analytical expressions 
(Eq.1). Then, crush simulations were 
performed and finally, indentation loading 
performance was investigated.  
 
3. Static analysis and validation of FE model  
The Finite element (FE) model results were 
compared with the analytical result (Eq.1); 
Table 2 presents the benchmark results. The 
theoretical modulus of the honeycomb using 
eq.1 and the FE predicted result are within 3%.   
 
Benchmarks 
 FE 
computed 
Theoretical 
Result [6] 
E
 
2.82 
 MPa 
2.91 
MPa 
Tension  / 
Compression 
ν
 
0.99 1.00 
Table 2: Benchmarking results on FE model 
 
4. Large-strain crush simulation 
The honeycombs were sandwiched between a 
rigid punch and a rigid base, this arrangement 
is shown in Figure 3. Crushing was initiated by 
moving the punch. The global strain was 
calculated by dividing distance moved by 
punch with the end-to-end distance of un-
deformed honeycomb, which is equal 
to θcos215 l× .   
The tributary area ( trA ) is defined as 
the area surrounding the honeycomb ribs at an 
edge. Effective span length of 15×15 cell 
system in global y-direction is given 
as )sin22(15 θlh +×  and each rib has a depth 
equal to b . Hence, the tributary area of 15×15 
cell system in global y-direction is given 
by blh ×+× )sin22(15 θ .   
The stress for the honeycomb is 
computed by dividing the reaction force 
experienced by punch with the respective 
tributary area as follows: 
 
honeycombofareaTributary
forcereactionPunchStress =    Eq.2 
 
The relative density of the 
honeycomb was varied by changing the rib 
thickness.  Figure 4 presents the stress-strain 
plots of honeycombs for various thickness ribs. 
It showed three distinct regions (viz: linear-
elastic, plateau and densification zones). Each 
line represents different relative density model. 
 In an in-plane compression at a small 
strain, the ribs first bend leading to linear 
elastic-deformation. Further continuous 
compression causes the ribs to collapse giving 
extensive plateau phase and a continuous 
compression leads to bottoming of cell-ribs 
and a rapid increase in stress. An increase in 
rib-thickness causes an increase in the 
resistance to rib wall bending and rib collapse 
strength. Hence, this leads to a higher area 
under fσ -ε  plot.  
The deformation patterns at various 
strains are shown in Figure 5. Overall, the 
deformations and crushing of cells is found to 
be symmetrical about the global x-axis passing 
through the middle of honeycomb. The 
collapse of cells is initiated near the centre of 
honeycomb and spreads in a cross-shaped 
pattern towards the free edges. Studies have 
shown that the crush band initiation and spread 
is of shear type [10].   
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Figure 4: Stress vs. strain plots of honeycombs 
 
 
Figure 5: Deformation patterns of honeycomb for increasing strains (a) ε = 0 (b) ε = 0.15 (c) ε = 0.30 
(d) ε = 0.39 (e) ε = 0.72 (f) ε = 0.85 (g) ε = 0.89 (h) ε = 0.94. The dotted line shows the 
deformation pattern is symmetrical along y about the x-axis 
 
5. Indentation loading study 
The aluminium honeycomb was crushed with 
indenters of various widths (see Figure 6). The 
end to end distance of the honeycomb in the 
global y-direction ( )sin22(15 θlh +× ) is 
247.5 mm. Corresponding to this length, the 
indenters with widths (W) equal to 1/8th , 2/8th 
and 3/8th of the end-to-end distance were 
constructed for indentation simulations; the 
selected images of simulation with W ≈ 93 mm 
indenter are shown in Figure 7.  
 
Figure 6: Illustration of crushing with indenter
Figure 7: Sequential images for indenter of width W  ≈  93 mm for increasing deformation equal to    
(a) δ = 0 mm (b) δ = 14.2 mm (c) δ = 32 mm (d) δ = 44 mm (e) δ = 68 mm (f) δ = 121.5 mm     
(g) δ = 132 mm (h) δ =135.5 mm 
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Figure 8: Reaction force vs. punch displacement for indenter width (W) = 30.9 mm 
 
In our numerical simulation, the yielding has 
initiated at the edge of the indenter. Figure 7 
shows the initiation and propagation of cell-
wall (ribs) yielding in the neighbourhood of 
edges of the indenter. This phenomenon is also 
observed in the experimental studies of 
Klintworth and Stronge [12]. Figure 8 presents 
the reaction force vs. punch displacement plot 
for indenter of width equal to 30.9 mm. It can 
be seen that the reaction force increases to a 
maximum followed by a sharp fall at a 
displacement of 0.018m. This drop is almost 
close to zero for smaller indenters. Beyond 
this, the crushing of cells causes a strongly 
fluctuating mechanical response.  
 
7. Conclusions and Future work 
In-plane crush simulations were undertaken 
using the ABAQUS finite element (FE) 
programming code. Initially, an array of 15×15 
unit-cells was constructed and then elastic-
perfectly plastic material data was assigned. 
The stiffness of this model has been compared 
with analytical formulations of Gibson et al [6] 
and the analytical and numerical results are in 
good agreement. Finite element based large-
strain crush simulations were then conducted. 
First, honeycombs were loaded with a rigid 
punch and then crush simulations have been 
performed. The effect of varying the rib 
thickness on the compressive response has 
been simulated and presented. Crushing with 
indenters has also been examined considering 
three different widths of indenters. Foams are 
3D analogues of simpler 2D honeycombs; the 
modelling methods developed to simulate 2D 
cellular systems can be extended to tackle 3D 
real foams [13]. Using unit-cells sectioned 
from a conglomeration of polyhedrons, real 
metallic foams such as aluminium foam can be 
treated using FE techniques. The 3D foam 
unit-cell is a translation of the 2D honeycomb 
in the xy plane, along the z-direction with a 
varying cross-section. 
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